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DOCK2 Is Essential for Antigen-Induced
Translocation of TCR and Lipid Rafts,
but Not PKC- and LFA-1, in T Cells
following TCR stimulation, lipid rafts containing a variety
of signaling molecules are also reorganized and re-
cruited to the APC interface to participate in IS formation
(Viola et al., 1999; Bi et al., 2001; Burack et al., 2002).
Thus, IS formation is the process of large-scale molecu-
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is largely restricted to hematopoietic cells. The role ofTokyo 162-8655
Rac in T cells has been mainly deduced from the resultsJapan
on mice lacking Vav1, a guanine nucleotide exchange
factor (GEF) for Rac (Crespo et al., 1997). Thus far, it
has been demonstrated that antigen-induced transloca-Summary
tion of TCR, PKC-, lipid rafts, and probably LFA-1 to
the APC interface is impaired in Vav1-deficient T cellsDOCK2 is a mammalian homolog of Caenorhabditis
(Wu¨lfing et al., 2000; Villalba et al., 2001; Krawczyk etelegans CED-5 and Drosophila melanogaster Myo-
al., 2002), resulting in severe defects in T cell prolifera-blast City which are known to regulate actin cytoskele-
tion, T cell repertoire selection, and T cell adhesion toton. DOCK2 is critical for lymphocyte migration, yet
APCs (Tarakhovsky et al., 1995; Zhang et al., 1995; Fi-the role of DOCK2 in TCR signaling remains unclear.
scher et al., 1995; Turner et al., 1997; Kong et al., 1998).We show here that DOCK2 is essential for TCR-medi-
Since antibody-induced TCR clustering is partially im-ated Rac activation and immunological synapse for-
paired in Rac2-deficient mice (Yu et al., 2001) and lipidmation. In DOCK2-deficient T cells, antigen-induced
raft clustering induced by crosslinking of cholera toxintranslocation of TCR and lipid rafts, but not PKC- and
B subunit (CTx) is inhibited by the dominant-negativeLFA-1, to the APC interface was severely impaired,
Rac mutant in vitro (Villalba et al., 2001), it is highlyresulting in a significant reduction of antigen-specific
conceivable that Rac activation is involved in, at least,T cell proliferation. In addition, we found that the effi-
some parts of the molecular movements in T cells duringcacy of both positive and negative selection was re-
IS formation. However, to what extent Rac activationduced in DOCK2-deficient mice. These results suggest
contributes to IS formation and in vivo T cell function isthat DOCK2 regulates T cell responsiveness through
largely elusive, because Vav1 functions as an adaptorremodeling of actin cytoskeleton via Rac activation.
molecule and can assemble signaling complexes inde-
pendently of its actions in Rac activation.Introduction
CDM family proteins, Caenorhabditis elegans CED-5,
human DOCK180, and Drosophila melanogaster Myo-T cell recognition is mediated by the interaction of 
blast City, are known to regulate actin cytoskeleton by
T cell receptors (TCRs) with their ligands, antigenic pep-
functioning upstream of Rac (Wu and Horvitz, 1998; Ki-
tides bound to major histocompatibility complex (MHC)
yokawa et al., 1998; Nolan et al., 1998; Reddien and
molecules. Engagement of TCRs by MHC-agonistic Horvitz, 2000). DOCK2 is a new member of the CDM
peptide complexes induces formation of a highly orga- family protein, which is predominantly expressed in lym-
nized complex of receptors, adhesion molecules, and phocytes (Fukui et al., 2001). By generating DOCK2-
intracellular signaling molecules at the interface be- deficient (DOCK2/) mice, we have earlier reported that
tween T cells and antigen-presenting cells (APCs), the DOCK2 functions downstream of chemokine receptors
so-called immunological synapse (IS) (reviewed in Dus- and regulates lymphocyte migration through Rac activa-
tin and Cooper, 2000). It is well established that, upon tion (Fukui et al., 2001). However, taking into consider-
antigen recognition, the engaged TCR, protein kinase ation that CED-5 and Myoblast City also play important
C (PKC)-, and leukocyte function-associated antigen 1 roles in cellular functions other than migration (Wu and
(LFA-1) polarize to the APC interface and segregate into Horvitz, 1998; Erickson et al., 1997), the function of
distinct supramolecular clusters following a precise rela- DOCK2 to activate Rac may not be restricted to chemo-
tive topology (Monks et al., 1997, 1998; Wu¨lfing et al., kine receptor-mediated signaling pathways. Indeed, it
1998; Grakoui et al., 1999; Krummel et al., 2000; Bi et was recently reported that overexpression of DOCK2 in
al., 2001; Huang et al., 2002). This process is mediated, Jurkat cells enhances Rac2 activation induced by anti-
at least in part, by remodeling of actin cytoskeleton CD3 antibody (Nishihara et al., 2002). Although this sug-
(Wu¨lfing and Davis, 1998). In addition, it is shown that gests that DOCK2 may also function downstream of
TCRs, it is still unknown whether DOCK2 is indispens-
able for TCR-mediated Rac activation. In addition, the*Correspondence: fukui@bioreg.kyushu-u.ac.jp
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Figure 1. DOCK2 Is Essential for TCR-Medi-
ated Rac Activation
(A–C) Splenic T cells or thymocytes were
stimulated with anti-CD3 mAb in the presence
(lower two panels in [A]; [B] and [C]) or ab-
sence (upper two panels in [A]) of anti-CD28
mAb for the indicated times. Cell extracts
were incubated with GST-fusion PAK1 RBD,
and activation of Rac1 (A), Rac2 (B), or Cdc42
(C) was analyzed using the mAb 23A8 that
preferentially recognizes Rac1, Rac2-specific
antibody, or Cdc42-specific antibody, re-
spectively. The specificity of anti-Rac anti-
bodies was confirmed with GST-fusion
mouse Rac1 and Rac2.
physiological function of DOCK2 in TCR signaling path- (Erks) was somewhat reduced in both splenic T cells
and thymocytes of DOCK2/ mice, phosphorylation ofway remains to be elucidated.
Here we demonstrate that DOCK2 is essential for c-Jun NH2-teminal kinases (Jnks) was unchanged be-
tween DOCK2/ and DOCK2/ T cells (Figure 2C). Al-TCR-mediated Rac activation and regulates antigen-
induced translocation of TCR and lipid rafts, but not though phosphorylation of Vav is known to augment its
PKC- and LFA-1, during IS formation. In addition, we GDP/GTP exchange activity for Rac (Crespo et al., 1997),
show how DOCK2 deficiency affects T cell function in no significant difference was observed between
the thymus and periphery. DOCK2/ and DOCK2/ T cells in TCR-mediated tyro-
sine phosphorylation of Vav (Figure 2D). In addition,
we found that phosphorylation of phospholipase C-1Results
(PLC1), protein kinase B (PKB), and proline-rich tyro-
sine kinase-2 (Pyk2), and Ca2 mobilization, all of whichDOCK2 Is Essential for TCR-Mediated
are defective in Vav1-deficient T cells (Fischer et al.,Rac Activation
1995, 1998; Turner et al., 1997; Holsinger et al., 1998;To address the question whether DOCK2 functions
Krawczyk et al., 2002; Reynolds et al., 2002), occurreddownstream of TCRs, we first compared activation or
normally in DOCK2-deficient splenic T cells, thymo-phosphorylation of the molecules involved in TCR sig-
cytes, and/or lymph node (LN) T cells following TCRnaling between DOCK2/ and DOCK2/ T cells. When
stimulation (Figures 2E–2H). These results indicate that,splenic T cells and thymocytes of DOCK2/ mice were
differing from the case of Vav1-deficient T cells, TCRstimulated with anti-CD3 antibody in the presence or
signaling pathways other than Rac activation are almostabsence of anti-CD28 antibody, the GTP-bound, acti-
intact in DOCK2-deficient T cells.vated Rac1 was clearly detected (Figure 1A). However,
such Rac1 activation was almost totally abolished in
both splenic T cells and thymocytes of DOCK2/ mice
Immunological Synapse Formation Is Impaired(Figure 1A). Similar results were obtained when Rac2
in DOCK2/ T Cellsactivation was analyzed for splenic T cells and thymo-
Having found that DOCK2 functions downstream ofcytes stimulated with anti-CD3 plus anti-CD28 antibod-
TCRs, we examined whether DOCK2 deficiency affectsies (Figure 1B). On the other hand, we found that Cdc42
IS formation using 2B4 TCR transgenic (2B4 Tg)was activated even in DOCK2/ splenic T cells following
mice expressing I-Ek (a positively selecting MHC classTCR stimulation (Figure 1C). These results indicate that
II molecule) with or without DOCK2 expression (Berg etDOCK2 is essential for TCR-mediated activation of Rac,
al., 1989). The 2B4 TCR recognizes moth cytochromebut not Cdc42.
C peptide (MCC88-103) presented by I-Ek molecule. InWhen splenic T cells and thymocytes were stimulated
both DOCK2/2B4Tg and DOCK2/2B4Tg mice,with anti-CD3 plus anti-CD28 antibodies, Lck and ZAP70
more than 90% of the splenic CD4 T cells were stainedwere comparably phosphorylated between DOCK2/
with the monoclonal antibody (mAb) A2B4 specific forand DOCK2/ mice (Figures 2A and 2B). While phos-
phorylation of extracellular signal-regulated kinases 2B4 TCR (Figure 3A). In addition, the majority of
Role of DOCK2 in Immunological Synapse Formation
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Figure 2. Effects of DOCK2 Deficiency on
TCR Signaling
(A–G) Splenic T cells or thymocytes were
stimulated with anti-CD3 plus anti-CD28
mAbs for the indicated times and analyzed
for phosphorylation of each molecule. In (A),
(D), and (G), cell extracts were immunoprecip-
itated with anti-Lck, anti-Vav, or anti-Pyk2 an-
tibody and analyzed by immunoblotting using
anti-phosphotyrosine antibody. In (B), (C), (E),
and (F), phosphorylation was analyzed using
phosphospecific antibodies against ZAP70
(Tyr319), p44 and p42 of Erks (Thr202/
Tyr204), p54 and p46 Jnks (Thr183/Tyr185),
PLC1 (Tyr783), and PKB (Ser473).
(H) Fura-2-loaded LN T cells were stimulated
with anti-CD3 mAb, and [Ca2]i was moni-
tored with a digital fluorescence microscopy
system. Results are representative of more
than 20 cells.
splenic CD4 T cells were CD44CD62L naive T cells 1994), the number of the conjugates decreased ex-
tremely, and the frequencies of the conjugates with thein both mice (Figure 3A).
When DOCK2/2B4 Tg CD4 T cells were cultured polarized TCR, LFA-1, or PKC- were less than 18% of
the level observed with MCC88-103 (Figure 3B). Whenwith MCC88-103-pulsed CH27 cells (I-Ek-expressing B
cell line), it was found that TCR, LFA-1, and PKC- polar- DOCK2/2B4 Tg CD4 T cells were stimulated with
MCC88-103, PKC- was found to be recruited to theize to the interface between T cells and CH27 cells (Fig-
ure 3B). It is clear that such translocation depends on T cell-CH27 interface with the frequency and kinetics
similar to those of DOCK2/2B4 Tg CD4 T cellsTCR-mediated signaling because, in the case of T cells
cultured with an antagonist 99Q peptide (Spain et al., (Figure 3B). Although the frequency of the conjugates
Immunity
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Figure 3. DOCK2 Is Required for Antigen-
Induced Translocation of TCR and Lipid
Rafts, but Not PKC- and LFA-1, in T Cells
(A) Spleen cells of DOCK2/2B4 Tg and
DOCK2/2B4 Tg mice were stained with
anti-CD4, anti-CD8 mAb, and A2B4 (left pan-
els), or anti-CD4, anti-CD44, and anti-CD62L
mAb (right panels). The results are shown as
the expression of 2B4 TCR or the expres-
sion of CD44 and CD62L on the gated CD4
T cells.
(B) Splenic CD4 T cells were prepared from
DOCK2/2B4 Tg and DOCK2/2B4 Tg
mice, and cultured with CH27 cells pulsed
with MCC88-103 or 99Q peptide. At the indi-
cated time points, cells were stained for TCR
and LFA-1 or PKC- for laser scanning confo-
cal microscopic analysis. In the upper panels,
representative images for T cell-CH27 conju-
gates (differential interference contrast; DIC),
and localization of TCR (red), LFA-1 (green),
and PKC- (green) at 1 hr incubation are
shown. In the lower panels, the percentages
of the conjugates with polarized TCR, LFA-1,
or PKC- at each time point are compared
among DOCK2/2B4 Tg CD4 T cells
stimulated with MCC88-103 (open bar, n 
75–100), DOCK2/2B4 Tg CD4 T cells
stimulated with MCC88-103 (solid bar, n 
75–100), and DOCK2/2B4 Tg CD4
T cells stimulated with 99Q peptide (hatched
bar, n  10–45).
(C) Splenic CD4 T cells of DOCK2/2B4
Tg and DOCK2/2B4 Tg mice were cul-
tured with MCC88-103-pulsed CH27 cells for
1 hr and analyzed for localization of PKC-
(green) and LFA-1 (red) at the T cell-CH27
interface.
(D) Splenic CD4 T cells of DOCK2/2B4
Tg and DOCK2/2B4 Tg mice were
stained with Alexa Fluor 488-CTx and then
incubated with MCC88-103-pulsed CH27
cells. At the indicated time points, cells were
fixed and analyzed for localization of TCR
(red) and lipid rafts (green). In the upper pan-
els, representative images at 1 hr incubation
are shown. In the lower panels, the percent-
ages of the conjugates with polarized lipid
rafts or TCR at each time point are compared
between DOCK2/2B4 Tg CD4 T cells
(open bar, n  75–100) and DOCK2/2B4
Tg CD4 T cells (solid bar, n  75–100).
with polarized LFA-1 slightly decreased, translocation glycosphingolipid GM1 enriched in this membrane mi-
crodomain (Viola et al., 1999; Bi et al., 2001; Burack etof LFA-1 was still observed in considerable numbers of
the conjugates (Figure 3B). The z axis analysis for the al., 2002). In this experiment, to avoid lipid raft staining
in CH27 cells, CD4 T cells were prestained with theT cell-CH27 interface revealed that PKC- and LFA-1
segregate in DOCK2/2B4 Tg CD4 T cells with a fluorescence-labeled CTx, cultured with MCC88-103-
pulsed CH27 cells, and then analyzed for the localizationpattern similar to that in DOCK2/2B4 Tg CD4
T cells (Figure 3C). These results indicate that DOCK2 of lipid rafts and TCR. In the case of the DOCK2/2B4
Tg CD4 T cells, 32.9% of the conjugates exhibited lipiddeficiency quantitatively and qualitatively has no or little
effect on antigen-induced translocation of PKC- and raft clustering at 1 hr of the culture (Figure 3D). This
frequency might be underestimated due to preincuba-LFA-1. Interestingly, however, the frequency of the con-
jugates with polarized TCR in DOCK2/2B4 Tg CD4 tion of CD4 T cells with CTx because the frequency of
the polarized TCR in the conjugates was reduced toT cells only reached the level observed with
DOCK2/2B4 Tg CD4 T cells stimulated with 99Q around 50% of the level without preincubation (Figures
3B and 3D). Under this condition, however, TCR polar-peptide (Figure 3B).
Next we examined the role of DOCK2 in lipid raft ization and lipid raft clustering were scarcely detected
in DOCK2/2B4 Tg CD4 T cells (Figure 3D). Theseclustering during IS formation using CTx that binds to
Role of DOCK2 in Immunological Synapse Formation
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Figure 4. Antibody-Induced TCR Clustering and Lipid Raft Clustering, but Not PKC- Translocation to Lipid Rafts, Are Impaired in DOCK2/
T Cells
(A and B) Splenic CD4 T cells and CD8 T cells (A) or splenic T cells (B) from DOCK2/ and DOCK2/ mice were incubated with biotinylated
anti-CD3 mAb followed by crosslinking with streptavidin. Localization of CD3 (red) and lipid rafts (green), or PKC- (red) and lipid rafts (green)
are visualized in (A) or (B), respectively. In (B), the merged images for localization of PKC- and lipid rafts are shown in the right panels.
(C) Splenic T cells were cultured with or without the plate-bound anti-CD3 mAb and anti-CD28 mAb for 8 hr, and nuclear extracts of DOCK2/
(open bar) and DOCK2/ T cells (solid bar) were analyzed for binding of NF-B p65 to the target DNA sequence in the presence or absence
of competitor oligonucleotides.
results thus indicate that DOCK2 is an essential regula- B activation in mature T cells (Costello et al., 1999; Sun
et al., 2000). Since it has been suggested that NF-Btor of TCR polarization and lipid raft clustering during
IS formation. activation depends on translocation of PKC- to lipid
rafts (Bi et al., 2001), we examined localization of PKC-
and lipid rafts following TCR crosslinking. In DOCK2/Antibody-Induced TCR Clustering and Lipid Raft
Clustering, but Not Translocation of PKC-, T cells, PKC- was clearly colocalized with large lipid
raft aggregates (Figure 4B). Although such lipid raft clus-Are Impaired in DOCK2/ T Cells
TCR crosslinking induces asymmetric assembly of TCR tering was scarcely observed in DOCK2/T cells, trans-
location of PKC- to small lipid raft patches was stilland lipid rafts (Yashiro-Ohtani et al., 2000). To assess
whether DOCK2 deficiency also affects this process, visible (Figure 4B). When NF-B activation was ana-
lyzed, specific binding of NF-B p65 to the target DNAsplenic CD4 and CD8T cells prepared from DOCK2/
or DOCK2/mice were incubated with biotinylated anti- sequence, which was inhibited by the wild-type but not
by the mutated oligonucleotide, was detected with bothCD3 antibody and then crosslinked with streptavidin. In
the case of DOCK2/ mice, TCR clustering and lipid DOCK2/ and DOCK2/ T cells (Figure 4C). These re-
sults indicate that, although large-scale lipid raft cluster-raft clustering were clearly observed in 68.2% or 66.0%
of the CD4 T cells (Figure 4A). Although it was recently ing is defective in DOCK2/ T cells, DOCK2 deficiency
does not impair translocation of PKC- to lipid rafts andreported that lipid raft clustering was scarcely detected
in human CD8 T cells (Kovacs et al., 2002), DOCK2/ its activity.
CD8 T cells exhibited both TCR clustering (65.2%) and
lipid raft clustering (63.6%) under this condition (Figure DOCK2 Deficiency Affects Antigen-Specific
T Cell Proliferation4A). However, such clustering was scarcely detected in
DOCK2/ T cells, although small patches were ob- We then examined how defective IS formation in
DOCK2/ mice affects T cell function in the periphery.served for both TCR and lipid rafts (Figure 4A).
PKC- is an important downstream effector molecule When splenic CD4 T cells were stimulated with I-Ek-
expressing B10.BR spleen cells in the presence ofof Vav1 and plays a critical role in TCR-mediated NF-
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Figure 5. Effects of DOCK2 Deficiency on T
Cell Proliferative Response
(A) Splenic CD4 T cells of DOCK2/2B4
Tg and DOCK2/2B4 Tg mice were cul-
tured with irradiated B10.BR spleen cells in
the presence of the indicated concentrations
of MCC88-103 or 102S peptide, and [3H]thym-
idine incorporation was measured.
(B) Splenic T cells of DOCK2/ (open bar)
and DOCK2/ (solid bar) B6 mice were cul-
tured with irradiated spleen cells from
B10.BR or B6 mice, and [3H]thymidine incor-
poration was measured.
MCC88-103 or a weak agonist (102S) peptide (Matsui differently: while the number of KJ25-positive DP thymo-
cytes was comparable between DOCK2/2B4 Tg andet al., 1994), T cell proliferative response was observed
in both DOCK2/2B4Tg and DOCK2/2B4Tg mice DOCK2/2B4 Tg mice (Figure 6B), the number of
A2B4-positive DP thymocytes in DOCK2/2B4 Tg(Figure 5A). For both MCC88-103 and 102S peptides, how-
ever, the dose response curve of DOCK2/2B4 Tg mice decreased to about 3% of the DOCK2/ level
(Figure 6A). The BrdU incorporation by CD4CD8 (DN)CD4 T cells was shifted to the right as compared with
that of DOCK2/2B4 Tg CD4 T cells (Figure 5A). thymocytes was comparable between DOCK2/2B4
Tg and DOCK2/2B4 Tg mice (Figure 6C), indicatingWhen the concentration of MCC88-103 to induce half
maximum of T cell response was compared, it was found that DOCK2 deficiency does not affect expansion of DN
thymocytes in 2B4 Tg mice. However, we found thatthat DOCK2/2B4 Tg CD4 T cells require 2.9-fold
higher concentration of the peptide (0.079 	g/ml versus DP thymocytes, but not DN and CD4SP thymocytes,
of DOCK2/2B4 Tg mice were more susceptible to0.027 	g/ml). Consistent with this, in mixed lymphocyte
reaction (MLR), the proliferative response of CD4 apoptosis as compared with those of DOCK2/2B4
Tg mice (Figure 6D). These results indicate that DOCK2T cells from DOCK2/ C57BL/6 (B6) mice to B10.BR
spleen cells decreased to less than 25% of the wild- deficiency makes DP thymocytes more susceptible to
apoptosis under positively selecting background.type level (Figure 5B).
Influence of DOCK2 Deficiency on Positive Influence of DOCK2 Deficiency on Negative
Thymocyte SelectionThymocyte Selection
In Vav1-deficient mice, both positive and negative thy- Thymocytes expressing TCR V3 segment are elimi-
nated through the interaction with mouse mammary tu-mocyte selection is severely impaired (Fischer et al.,
1995; Turner et at., 1997; Kong et al., 1998). In addition, mor virus 6 (Mtv6) product. We found that CD4SP mature
thymocytes expressing V3 were comparably deletedit was recently shown that Rac plays a critical role in
these processes (Gomez et al., 2001). Therefore, we in DOCK2/2B4 Tg and DOCK2/2B4 Tg mice ex-
pressing Mtv6 (Figure 7A), indicating that negativewanted to know how DOCK2 deficiency affects T cell
repertoire selection. For this purpose, we first analyzed selection of self-superantigen-reactive T cells occurs
without DOCK2 expression. However, when MCC88-T cell development in 2B4 Tg and 2B4 TCR trans-
genic (2B4 Tg) mice expressing I-Ek molecules with or 103-driven in vitro apoptosis of DP thymocytes was
compared, it was found that apoptosis induction bywithout DOCK2 expression, using the mAb, A2B4, or KJ25
that reacts with V3 segment of the 2B4 TCR chain. MCC88-103 was less effective in DOCK2/2B4 Tg
mice than in DOCK2/2B4 mice (Figure 7B). TakenAs expected from the results shown in Figure 3A,
A2B4-positive CD4CD8 (CD4SP) mature thymocytes together, these results suggest that DOCK2 deficiency
affects negative thymocyte selection, probably de-were observed even in DOCK2/2B4 Tg mice (Figure
6A). It was also found that the majority of A2B4-positive pending on the avidity of TCRs and their deleting li-
gands.spleen cells were CD4 T cells irrespective of DOCK2
expression (Figure 6A). These results indicate that posi-
tive thymocyte selection occurs without DOCK2 expres- Discussion
sion. As compared with DOCK2/2B4 Tg mice, how-
ever, the number of CD4SP thymocytes was remarkably In the present study, we have shown that activation of
Rac following TCR stimulation was almost totally abol-reduced in DOCK2/2B4Tg mice (Figure 6A). In addi-
tion, the ratio of CD4 T cells to CD8 T cells in the ished in both splenic T cells and thymocytes of DOCK2/
mice, indicating that DOCK2 is essential for TCR-medi-spleen, which has been used as an indicator for the
efficacy of positive selection in 2B4 Tg mice (Berg et ated Rac activation. Therefore, the present study, to-
gether with our previous report showing that DOCK2 isal., 1990), also decreased in DOCK2/2B4 Tg mice
(Figure 6A). A similar tendency was observed when required for chemokine-induced Rac activation (Fukui
et al., 2001), establish that, in lymphocytes, DOCK2 isKJ25-positive thymocytes and spleen cells were com-
pared between DOCK2/2B4 Tg and DOCK2/2B4 an important signaling molecule that functions down-
stream of various receptors and regulates actin cy-Tg mice (Figure 6B).
Interestingly, DOCK2 deficiency affected CD4CD8 toskeleton through Rac activation.
It has been demonstrated that several TCR signaling(DP) thymocytes in 2B4 Tg mice and 2B4 Tg mice
Role of DOCK2 in Immunological Synapse Formation
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Figure 6. Positive Thymocyte Selection in DOCK2/ TCR Tg Mice
(A) Thymocytes or spleen cells of DOCK2/2B4 Tg and DOCK2/2B4 Tg mice homozygous for H-2k haplotype were stained with anti-
CD4, anti-CD8 mAb, and A2B4, and the expression of CD4 and CD8 on A2B4-positive cells is shown. The total number of and each subset
of A2B4-positive thymocytes are compared between DOCK2/2B4 Tg (open bar, n  4) and DOCK2/2B4 Tg (solid bar, n  4) mice
(p 
 0.01 for total, DP and CD4SP thymocytes). In the bottom panel, the ratio of CD4 T cells to CD8 T cells in A2B4-positive spleen cells
is compared between DOCK2/2B4 Tg (open bar, n  4) and DOCK2/2B4 Tg (solid bar, n  4) mice (p  0.0109).
(B) Thymocytes or spleen cells of DOCK2/2B4 Tg and DOCK2/2B4 Tg mice homozygous for H-2k haplotype were stained with anti-
CD4, anti-CD8 mAb, and KJ25, and the expression of CD4 and CD8 on KJ25-positive cells is shown. The total number of and each subset
of KJ25-positive thymocytes are compared between DOCK2/2B4 Tg (open bar, n  4) and DOCK2/2B4 Tg (solid bar, n  4) mice (p 

0.01 for CD4SP thymocytes). In the bottom panel, the ratio of CD4 T cells to CD8 T cells in KJ25-positive spleen cells is compared between
DOCK2/2B4 Tg (open bar, n  4) and DOCK2/2B4 Tg (solid bar, n  4) mice (p 
 0.0001).
(C) The BrdU incorporation by DN thymocytes is compared between DOCK2/2B4 Tg (open bar, n  3) and DOCK2/2B4 Tg (solid
bar, n  3) mice.
(D) Thymocytes of DOCK2/2B4 Tg and DOCK2/2B4 Tg mice were cultured for the indicated times, and the percentage of apoptotic
cells in each thymocyte subset was analyzed by Annexin V staining (p 
 0.01 for DP thymocytes at 24 hr culture).
pathways including Rac activation are impaired in Vav1- defective in Vav1-deficient T cells (Fischer et al., 199,
1998; Turner et al., 1997; Holsinger et al., 1998; Costellodeficient mice. However, it would be difficult to deter-
mine which signaling pathways depend on Rac activa- et al., 1999; Krawczyk et al., 2002; Reynolds et al., 2002)
occurred normally in DOCK2/ T cells, suggesting thattion because of the adaptor function of Vav1. This issue
was clarified in this study. For example, although it is these signaling pathways are also regulated by Vav1,
independently of Rac activation and probably throughknown that phosphorylation of PKB is dependent on
phosphatidylinositol 3-kinases (PI3-K) and is impaired its adaptor function.
Similar to the case of Vav1-deficient T cells (Wu¨lfingin Vav1-deficient T cells (Reynolds et al., 2002), PKB was
comparably phosphorylated between DOCK2/ T cells et al., 2000; Villalba et al., 2001), antigen-induced TCR
polarization and lipid raft clustering were severely im-and DOCK2/ T cells following TCR stimulation. This
indicates that TCR-mediated PI3-K activation is intact paired in CD4 T cells of DOCK2/2B4 Tg mice. This
indicates that DOCK2 is an essential regulator of TCRin DOCK2/ T cells in spite of the failure to activate Rac,
thereby suggesting that Vav1 regulates PI3-K activity polarization and lipid raft clustering in IS formation. Thus
far tested, TCR-mediated signaling pathways, exceptindependently of Rac activation. Likewise, we found that
TCR-mediated phosphorylation of Pyk2 and PLC1, Rac activation, were almost intact in DOCK2/ T cells.
In addition, it has been shown that anti-CD3 antibody-Ca2 mobilization, and NF-B activation, all of which are
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Villalba et al., 2002). We have found that, although large-
scale lipid raft clustering is defective in DOCK2/
T cells, PKC- translocates to small lipid raft patches
and activates NF-B following TCR stimulation. There-
fore, it seems likely that translocation of PKC- to lipid
rafts is also regulated by Vav1 independently of Rac
activation. Contrary to this, Villalba et al. (2000) have
clearly shown with a biochemical approach that translo-
cation of PKC- to the lipid raft fraction is inhibited
by a dominant-negative Rac mutant. At this stage, we
cannot deny the possibility that some residual Rac acti-
vation, though at an undetectable level, might contribute
to PKC- translocation in DOCK2/ T cells. However, it
was recently shown that the effect of dominant-negative
Rac mutants on Drosophila development is markedly
different from those of loss-of-function mutants proba-
bly through crossinhibition of other signaling pathways
(Hakeda-Suzuki et al., 2002). Therefore, the effect of
dominant-negative Rac mutant on PKC- translocation
might reflect crossinhibition of TCR signaling pathways
that are intact in DOCK2-deficient T cells but are im-
paired in Vav1-deficient T cells. If this is the case, PI3-K
might be a target for the crossinhibition, because trans-
location of PKC- also depends on PI3-K, and the ex-
Figure 7. Negative Thymocyte Selection in DOCK2/ TCR Tg Mice pression of dominant-negative Rac mutant in T cells has
(A) Thymocytes of DOCK2/2B4 Tg and DOCK2/2B4 Tg mice been reported to inhibit its activation (Genot et al., 2000;
expressing Mtv6 were stained with anti-CD4, anti-CD8 mAb, and
Villalba et al., 2002).KJ25, and the expression of CD4 and CD8 on KJ25-positive thymo-
While immunological synapse is considered to be crit-cytes is shown. The mean of the total number of KJ25-positive
ical for T cell function, the significance of this formationthymocytes is compared between DOCK2/2B4 Tg (open bar,
n  2) and DOCK2/2B4 Tg (solid bar, n  2) mice. remains unclear. We have shown that antigen-specific
(B) Thymocytes were cultured with CH27 cells in the presence or T cell proliferation occurs in DOCK2/2B4 Tg mice,
absence of various concentrations of MCC88-103 for 20 hr, and the despite the defects in TCR polarization and lipid raft
percentage of apoptotic cells in DP thymocytes was analyzed by clustering. This clearly indicates that these molecularAnnexin V staining. The antigen-induced apoptosis was calculated
movements are not essential for T cell activation andby extracting the percentage of Annexin V-positive cells in the ab-
supports the previous report showing that TCR-medi-sence of MCC88-103 from the percentage of Annexin V-positive
cells in the presence of the indicated concentration of MCC88-103. ated tyrosine kinase signaling precedes IS formation
(Lee et al., 2002). However, we found that DOCK2/2B4
Tg T cells require more antigenic peptides to achieve
induced TCR clustering is partially impaired in Rac2-
theproliferative response similar to that of DOCK2/2B4
deficient T cells (Yu et al., 2001). Therefore, it is strongly Tg T cells. Consistent with this, MLR significantly de-
suggested that DOCK2 regulates TCR polarization and creased when DOCK2/ T cells were used as respond-
probably lipid raft clustering through Rac activation. ers. It is thus suggested that TCR polarization and lipid
In contrast to the results on TCR and lipid rafts, raft clustering regulate the threshold for T cell prolifera-
DOCK2 deficiency had no or little effect on antigen- tion. Interestingly, it was recently reported that antigen-
induced translocation of PKC- and LFA-1 to the APC induced TCR clustering and lipid raft clustering are de-
interface, both of which are known to be defective in fective in Th2 cells, but not in Th1 cells (Balamuth et al.,
Vav1-deficient T cells (Villalba et al., 2001; Krawczyk et 2001). We have also found that DOCK2 deficiency alters
al., 2002). The finding that LFA-1 clustering is not im- the quality of immune response from Th1- to Th2-type (S.
paired in DOCK2/ T cells would be important because Hamano and Y.F., manuscript in preparation). Therefore,
DOCK2, on the analogy of DOCK180 that is expressed whether defective TCR clustering and lipid raft cluster-
in other cells than lymphocytes, has been considered ing are directly linked to the regulation of cytokine pro-
to be involved in integrin signaling (Lu and Cyster, 2002). duction is an important issue that should be investigated
It was recently shown that Fyb/Slap plays a critical role in the future.
in TCR-mediated LFA-1 clustering (Griffiths et al., 2001; It is clear that positive and negative thymocyte se-
Peterson et al., 2001). While Fyb/Slap binds to Fyn ki- lection occur without DOCK2 expression. However,
nase that phosphorylates Pyk2 (Qian et al., 1997), it also we found that the ratio of CD4 T cells to CD8 T cells
binds to SLP-76 that associates with Vav1 SH2 domain in the periphery significantly decreased in both
following TCR stimulation (Wu et al., 1996). Therefore, DOCK2/2B4 Tg mice and DOCK2/2B4 Tg mice
our results, together with these reports, suggest that as compared with their counterparts. In addition, we
Vav1 regulates LFA-1 clustering through this signaling also found that antigen-induced in vitro deletion of DP
cascade independently of Rac activation. On the other thymocytes was less efficient in DOCK2/2B4 Tg
hand, it has been shown or suggested that translocation mice than in DOCK2/2B4 Tg mice. Therefore, simi-
of PKC- to lipid rafts is dependent on Vav1 and impor- lar to the case of T cell proliferation, DOCK2 deficiency
is suggested to affect the efficacy of both positive andtant for its activation (Costello et al., 1999; Bi et al., 2001;
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Flow Cytometric Analysisnegative thymocyte selection. The most striking feature
The following mAbs were obtained from PharMingen (San Diego,of DOCK2/2B4 Tg mice was the reduction of thy-
CA): fluorescein isothiocyanate (FITC)- or Cy-chrome-conjugatedmocytes at DP stage where the fate of thymocytes is
anti-CD8 (53-6.7), phycoerythrin (PE)-anti-CD4 (RM4-5), biotinylated
determined through the interaction of TCRs with MHC- anti-CD44 (IM7), FITC-anti-CD62L (MEL14), and biotinylated anti-
self-peptide complexes. Since such reduction of DP thy- TCR V3 (KJ25). The mAb A2B4 specific for 2B4 TCRwas purified
from hybridoma culture supernatant. Cells were stained with themocytes was not observed in DOCK2/2B4 Tg mice,
relevant mAbs and analyzed on a FACScan (Becton-Dickinson,it has been suggested that TCR recognition underlies
Mountain View, CA). For BrdU incorporation, mice were intraperito-this abnormality. Recently, Gomez et al. (2001) have
neally injected with 750 	g of BrdU at time 0 and again at 4 hr, andclearly shown that the constitutively active Rac1 mu-
16 hr after the second injection DN thymocytes were stained with
tants divert thymocytes from the pathway of positive FITC-anti-BrdU (Becton-Dickinson) as previously described (Naka-
selection to a fate of negative selection. In light of this jima et al., 1997).
finding, it seems likely that, because of the failure to
activate Rac, DOCK2 deficiency alters the threshold for Pull-Down Assay, Immunoprecipitation, and Immunoblotting
Splenic T cells (1.5  107 per sample) or thymocytes (5  107 perpositive selection in such a direction that diverts the
sample) were incubated with hamster anti-CD3 mAb (145-2C11, 5fate of thymocytes from “survival and differentiation” to
	g/ml) in the presence or absence of the hamster anti-CD28 mAb“death by neglect.” This means that some of the pep-
(37.51, 5 	g/ml) at 4C for 20 min. Cells were then stimulated by
tides which support positive selection in the presence crosslinking these primary antibodies with the goat anti-hamster
of DOCK2 would become nonselecting self-peptides in IgG Ab (G94-56, 20	g/ml) at 37C for the specified times. All antibod-
ies were obtained from PharMingen.DOCK2/ mice, and DOCK2/ DP thymocytes would
To assess Rac activation, cell extracts were incubated with gluta-undergo apoptosis if they interact with such peptides.
thione S-transferase (GST)-fusion, Rac binding domain (RBD) ofSupporting this, DP thymocytes, but not DN and CD4SP
PAK1 at 4C for 60 min. The GST-PAK1-RBD-bound proteins werethymocytes, of DOCK2/2B4 Tg mice were more
analyzed by SDS-PAGE, and blots were probed with the mAb 23A8
susceptible to apoptosis as compared with those of that preferentially reacts with Rac1 (Upstate Biotechnology, Lake
DOCK2/2B4 Tg mice. Since selecting self-peptides Placid, NY) or Rac2-specific Ab (Santa Cruz Biotechnology, Santa
Cruz, CA). The activation of Cdc42 was examined as previouslywould be much more restricted in 2B4 Tg mice than
described (Krawczyk et al., 2000), using GST-PAK1-RBD and anti-in 2B4 Tg mice because of the fixed antigen specificity,
Cdc42 Ab (Santa Cruz Biotechnology).this could explain why the effect of DOCK2 deficiency
To analyze tyrosine phosphorylation of Vav, Lck, or Pyk2, cellon DP thymocytes became visible in 2B4 Tg mice.
extracts were incubated with protein G sepharose conjugated with
Our results thus suggest that DOCK2 deficiency affects anti-Vav (Upstate Biotechnology), anti-Lck (Santa Cruz Biotechnol-
the threshold for positive and negative selection proba- ogy), or anti-Pyk2 (BD Transduction Laboratories, Lexington, KY)
Ab, and the precipitates were subject to immunoblotting using anti-bly depending on the avidity between TCRs and MHC-
phosphotyrosine Ab (Santa Cruz Biotechnology). Activation ofself-peptide complexes.
ZAP70, Erks, Jnks, PLC1, and PKB was assessed with the phos-In conclusion, we have shown that DOCK2 is essential
phospecific Abs against Tyr319 of ZAP70 (Santa Cruz Biotechnol-for TCR-mediated Rac activation and regulates antigen-
ogy), Thr202/Tyr204 of p44 and p42 of Erks (Cell Signaling, Beverly,
induced translocation of TCR and lipid rafts, but not MA), Thr183/Tyr185 of p54 and p46 Jnks (Cell Signaling), Tyr783 of
PKC- and LFA-1, in T cells during IS formation. DOCK2 PLC1 (Biosource International, Camarillo, CA), and Ser473 of PKB
(Cell Signaling), respectively.and DOCK180 preferentially bind to the nucleotide-free
Rac (Kiyokawa et al., 1998; Nolan et al., 1998; our unpub-
Measurement of Intracellular Ca2 Concentrationlished data), which is thought to be a characteristic fea-
LN T cells (1  106 per sample) loaded with fura-2/AM were incu-ture of GEFs. Indeed, it was recently shown that
bated with anti-CD3 mAb (5 	g/ml) for 30 min on ice. After washingDOCK180 has a GEF activity for Rac (Brugnera et al.,
with serum-free RPMI medium, cells were put in a chamber of 0.5
2002), thereby suggesting that DOCK2 also has a similar ml volume and stimulated by crosslinking the primary antibody with
activity. However, if DOCK2 is only one of the GEFs that anti-hamster IgG at 30 	g/ml. The fura-2 fluorescence images were
recorded and converted to apparent Ca2 concentration.function downstream of TCR, it could not explain why
TCR-mediated Rac activation is almost totally abolished
NF-B Activationin DOCK2/ T cells in spite of the presence of intact
Splenic T cells were stimulated with the plate-bound anti-CD3mAbVav. Therefore, DOCK2 might function as a scaffold pro-
(10	g/ml) and anti-CD28 mAb (1	g/ml). After 8 hr of the stimulation,tein that facilitates exchange reaction by GEFs for Rac.
4.5 	g of nuclear extracts was analyzed for NF-B p65 activation
This issue will be investigated in future studies. with Trans AM NF-B p65 kit (Active Motif, Carlsbad, CA) according
to the manufacturer’s instructions.
Experimental Procedures
Immunofluorescence Microscopy
To analyze IS formation, splenic CD4 T cells (3  106) preparedMice
I-Ek-expressing 2B4 Tg or 2B4 Tg mice with or without DOCK2 from 2B4 Tg mice were mixed with CH27 cells (1.5  106) pulsed
with 1 	g/ml of MCC88-103 (ANERADLIAYLKQATK) or 99Q (ANERAexpression were developed as follows. DOCK2/ mice, 2B4 Tg
mice, and 2B4 Tg mice on B6 background were separately back- DLIAYLQQATK) peptide in glass bottom microwell dishes (MatTeK,
Ashland, MA) and incubated at 37C for the specified times. Cellscrossed with B10.BR mice, and mice homozygous for H-2k haplo-
type were crossed to develop DOCK2/2B4 Tg or DOCK2/2B4 were then fixed with 4% paraformaldehyde for 12 min. In the case
of PKC- staining, cells were permeabilized with 0.05% Triton-X-100Tg mice. By intercrossing these mice, 2B4 Tg mice with or without
DOCK2 expression were obtained and maintained by breeding them for 5 min. Cells were stained with biotinylated anti-TCR V3 mAb
followed by Alexa Fluor 546-streptavidin (Molecular Probes, Eugene,with DOCK2/ or DOCK2/ mice homozygous for H-2k haplotype.
To examine Mtv6-mediated negative selection, DOCK2/ mice on OR) in combination with rat anti-LFA-1 mAb (M17/4, PharMingen)
or rabbit anti-PKC--Ab (Santa Cruz Biotechnology) followed byB6 background were backcrossed with Mtv6-positive BALB/c mice
more than four generations and crossed with DOCK2/2B4 Tg Alexa Fluor 488-conjugated secondary Abs. For lipid raft clustering,
CD4 T cells were stained with Alexa Fluor 488-CTx (Molecularmice carrying H-2k haplotype.
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Probes) at 10 	g/ml before incubation with CH27 cells. All images Costello, P.S., Walters, A.E., Mee, P.J., Turner, M., Reynolds, L.F.,
Prisco, A., Sarner, N., Zamoyska, R., and Tybulewicz, V.L.J. (1999).were taken from FLUOVIEW FV500 laser scanning confocal micros-
copy (Olympus, Tokyo, Japan). The Rho-family GTP exchange factor Vav is a critical transducer of
T cell receptor signals to the calcium, ERK, and NF-B pathways.For antibody-induced TCR clustering and lipid raft clustering,
T cells were incubated with biotinylated anti-CD3 mAb (1 	g/ml) Proc. Natl. Acad. Sci. USA 96, 3035–3040.
at 4C for 30 min and stained with Alexa Fluor 546-streptavidin at Crespo, P., Schuebel, K.E., Ostrom, A.A., Gutkind, J.S., and Bustelo,
1 	g/ml and Alexa Fluor 488-CTx at 10 	g/ml. After incubation at X.R. (1997). Phosphotyrosine-dependent activation of Rac-1 GDP/
37C for 20 min, cells were fixed for 15 min in 2% paraformaldehyde GTP exchange by the vav proto-oncogene product. Nature 385,
at room temperature. To assess localization of PKC- and lipid rafts, 169–172.
T cells incubated with biotinylated anti-CD3 mAb (1 	g/ml) were
Dustin, M.L., and Cooper, J.A. (2000). The immunological synapse
crosslinked with streptavidin (Molecular Probes) at 1 	g/ml and
and the actin cytoskeleton: molecular hardware for T cell signaling.
stained with Alexa Fluor 488-CTx at 10 	g/ml. After incubation at
Nat. Immunol. 1, 23–29.
37C for 20 min, cells were fixed for 15 min in 2% paraformaldehyde
Erickson, M.R.S., Galletta, B.J., and Abmayr, S.M. (1997). Drosophilaat room temperature, permeabilized with 0.1% Triton-X-100 for 2
myoblast city encodes a conserved protein that is essential formin, and stained with rabbit anti-PKC- Ab followed by Alexa Fluor
myoblast fusion, dorsal closure, and cytoskeletal organization. J.546-conjugated secondary Ab.
Cell Biol. 138, 589–603.
Fischer, K.-D., Kong, Y.-Y., Nishina, H., Tedford, K., Marenge´re,In Vitro Assay for Apoptosis
L.E.M., Kozieradzki, I., Sasaki, T., Starr, M., Chan, G., Gardener, S.,To assess intrinsic sensitivity to apoptosis, total or enriched DN
et al. (1998). Vav is a regulator of cytoskeletal reorganization medi-thymocytes (2  106/well) were cultured in RPMI medium supple-
ated by the T-cell receptor. Curr. Biol. 8, 554–562.mented with 10% FCS for the specified times. For antigen-induced
in vitro deletion, total thymocytes were cultured with CH27 cells in Fischer, K.-D., Zmuidzinas, A., Gardner, S., Barbacid, M., Bernstein,
the presence or absence of various concentrations of MCC88-103 A., and Guidos, C. (1995). Defective T-cell receptor signalling and
for 20 hr. Cells were then stained with PE-anti-CD4 mAb, Cy- positive selection of Vav-deficient CD4CD8 thymocytes. Nature
Chrome-anti-CD8 mAb, and FITC-Annexin V (PharMingen), and the 374, 474–477.
percentage of apoptotic cells was measured by Annexin V staining Fukui, Y., Hashimoto, O., Sanui, T., Oono, T., Koga, H., Abe, M.,
for the gated population. Inayoshi, A., Noda, M., Oike, M., Shirai, T., et al. (2001). Haemato-
poietic cell-specific CDM family protein DOCK2 is essential for lym-
T Cell Proliferation phocyte migration. Nature 412, 826–831.
Splenic CD4 T cells (5  104/well) were cultured with irradiated
Genot, E.M., Arrieumerlou, C., Ku, G., Burgering, B.M.T., Weiss, A.,B10.BR spleen cells (1  106/well) in the presence or absence of
and Kramer, I.M. (2000). The T-cell receptor regulates Akt (proteinvarious concentrations of MCC88-103 or its derivative 102S (ANER
kinase B) via a pathway involving Rac1 and phosphatidylinositideADLIAYLKQASK) peptide for 72 hr, and 1 	Ci of [3H]thymidine was
3-kinase. Mol. Cell. Biol. 20, 5469–5478.added during the final 12 hr of the culture. For MLR, splenic T cells
Gomez, M., Kioussis, D., and Cantrell, D.A. (2001). The GTPase Rac-1(3  105/well) were cultured with irradiated spleen cells (1  106/
controls cell fate in the thymus by diverting thymocytes from positivewell) for 84 hr, and 1 	Ci of [3H]thymidine was added during the
to negative selection. Immunity 15, 703–713.final 16 hr of the culture.
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